Abstract-This paper introduces the innovative concept of multidimensional waveform encoding for spaceborne synthetic aperture radar (SAR). The combination of this technique with digital beamforming on receive enables a new generation of SAR systems with improved performance and flexible imaging capabilities. Examples are high-resolution wide-swath radar imaging with compact antennas, enhanced sensitivity for applications like alongtrack interferometry and moving object indication, and the implementation of hybrid SAR imaging modes that are well suited to satisfy hitherto incompatible user requirements. Implementationspecific issues are discussed and performance examples demonstrate the potential of the new technique for different remote sensing applications.
I. INTRODUCTION
W IDE UNAMBIGUOUS swath coverage and high azimuth resolution pose contradicting requirements on the design of spaceborne synthetic aperture radar (SAR) systems [1] - [4] . This motivated the development of advanced SAR imaging modes with different tradeoffs between spatial coverage and azimuth resolution. The classical solution to wide-swath SAR imaging is ScanSAR, which increases the unambiguous swath width at the cost of an impaired azimuth resolution [5] , [6] . The ScanSAR mode is of high importance for all spaceborne remote sensing applications that require frequent monitoring of large areas. Examples are regular land use and vegetation mapping, marine observation, and monitoring of the Arctic sea ice. Another prominent example is differential interferometry, which compares the phase of complex SAR images acquired during different satellite passes to detect subtle deformations on the Earth's surface for many geoscience and environmental applications [7] , [8] . All these applications ask for short revisit times. This implies, in turn, that a wide swath must be imaged to ensure seamless coverage with a single satellite. Wide-swath SAR imaging is also a key requirement for the design of the forthcoming Sentinel-1 satellite mission, which will employ an optimized ScanSAR technique to obtain frequent observations of large areas on the Earth's surface [9] , [10] .
On the other hand, there exist many remote sensing applications that ask for SAR images with a high spatial resolution. Examples are marine and terrestrial surveillance, cartographic mapping, monitoring of urban areas, as well as hazard and damage assessment. Even repeat-pass interferometry would benefit from a refined resolution. The rising demand for finely resolved SAR images led to the development of the spotlight mode, which improves the azimuth resolution at the cost of noncontiguous coverage along the satellite track [11] . The spotlight technique is also adopted in current satellite missions like TerraSAR-X, Radarsat-2, COSMO SkyMed, and SAR-Lupe to acquire SAR images with spatial resolutions in the meter or even decimeter range [12] - [15] . Up to now, it is, however, not possible to combine the benefits from spotlight and ScanSAR imaging in one and the same data take. This dilemma motivated research toward the development of new radar techniques that allow for the acquisition of spaceborne high-resolution SAR imagery without the classical coverage limitations imposed by range and azimuth ambiguities.
A promising candidate for such a new radar technique is digital beamforming on receive, where the receiving antenna is split into multiple subapertures. In contrast to analog beamforming, the received signals of each subaperture element are separately amplified, down-converted, and digitized, as shown in Fig. 1 . This enables an a posteriori combination of the recorded subaperture signals to form multiple beams with adaptive shapes. The additional information about the direction of the scattered radar echoes can then be used to: 1) suppress spatially ambiguous signal returns from the ground; 2) increase the receiving antenna gain without a reduction of the imaged area; 3) suppress spatially localized interferences; and 4) gain additional information about the dynamic behavior of the scatterers and their surroundings. By this, it becomes possible to overcome fundamental limitations of conventional SAR systems. Several proposals have been made to use digital beamforming on receive for the development of SAR imaging systems with wide swath coverage and high azimuth resolution [16] - [34] . All these proposals employ a small fixed aperture antenna to illuminate a wide swath on the ground. The scattered radar echoes are then recorded by a large antenna array, which enables the suppression of SAR ambiguities and compensates the gain loss that arises from a wide-area illumination.
This paper presents a novel fully active digital beamforming technique for radar remote sensing that is based on the concept of multidimensional waveform encoding on transmit [35] , [36] . In contrast to the aforementioned techniques, the full area of the antenna aperture is used for both the transmission and the reception of radar pulses. This enables an improved SAR imaging performance while relying on the well-established transmit/receive (T/R) module technology. The mandatory expansion of the antenna beam for a wide-area illumination is achieved by an innovative spatiotemporal modulation of each transmitted radar pulse. The modulation introduces angular waveform diversity in the transmitted signal and provides, thereby, in the recorded radar echoes additional information about the spatial scatterer distribution. The multidimensional waveform encoding is hence the natural complement to digital beamforming on receive, and the combination of both techniques enables a wealth of new SAR imaging modes that significantly increase the performance, flexibility, and adaptability of future radar systems and missions. This will, in turn, pave the way for a new era in spaceborne radar remote sensing, serving an increasing range of powerful applications. This paper is organized as follows. Section II reviews the signal reception in a multiple-aperture SAR from an informationtheoretic point of view. In this context, inherent challenges of multichannel SAR systems are discussed, and we also give first hints for possible solutions. Section III then introduces the innovative concept of multidimensional radar waveform encoding on transmit. The great potentials of this new technique for the development of future SAR systems are demonstrated in Sections IV and V, using intrapulse beamsteering in elevation and multidimensional waveform encoding in azimuth as illustrative examples. Section VI gives hints for system optimization and discusses advanced opportunities like the implementation of hybrid SAR modes. This paper concludes with a short summary in Section VII.
II. MULTIAPERTURE SIGNAL RECEPTION

A. High-Resolution Wide-Swath SAR Imaging
Several suggestions have been made in the open literature to employ a multichannel receiver system for high-resolution wide-swath SAR imaging [16] - [34] . All of them use either a small portion of a large Tx/Rx antenna array or a separate transmit aperture to illuminate a large footprint on the ground, as shown in the schematic drawings of Fig. 2 . The scattered signal is then received by multiple independent subaperture elements that are connected to individual recording channels. The combination of the subaperture signals enables the formation of an arbitrary number of narrow Rx beams a posteriori to the digital signal recording. The footprints of some exemplary Rx beams are shown in Fig. 2 as red dotted circles and ellipses.
The drawing in the left column of Fig. 2 illustrates the basic idea of a multiple beam SAR design, employing a squinted imaging geometry as suggested in [16] and [18] . In contrast to a conventional side-looking SAR, the antenna is rotated about its vertical axis and uses multiple horizontally displaced aperture elements with increased vertical extension for signal reception. Such an antenna arrangement enables the formation of multiple narrow beams that limit the Rx antenna footprints in both the along-track and cross-track directions to a small area on the Earth's surface. This allows, in turn, for the unambiguous SAR imaging of narrow swaths, and by combining the images from multiple Rx beams, one will be able to map a wide swath at nearly constant incident angle. Note that the echoes from all swaths arrive at approximately the same time, and hence, one may employ either a rather high pulse repetition frequency (PRF) and/or a long duty cycle without the risk for range ambiguities notwithstanding the wide image swath. A drawback of this solution is impaired spatial resolution and performance associated with high squint angles. Further problems arise for the SAR processing due to the large range walk that results from the linear component of the range cell migration.
Another approach to high-resolution wide-swath SAR imaging is the displaced phase center antenna (DPCA) technique [20] . The basic idea behind the DPCA concept is to acquire for each transmitted radar pulse additional raw data samples along the synthetic aperture. This may be achieved by employing a multichannel receiver in combination with multiple aperture elements that are mutually displaced in the along-track direction, as shown in the second column of Fig. 2 . Consequently, some of the "synthetic" aperture samples are replaced by "real" aperture samples, which allows for a reduction of the required PRF without rising azimuth ambiguities. 1 The DPCA technique, hence, takes full advantage of the total antenna length for azimuth ambiguity suppression. The azimuth resolution is, however, no longer determined by the length of the whole antenna array but [16] , [18] . (Middle left) DPCA technique [20] . (Middle right) Quadelement rectangular array SAR [21] . (Right) HRWS SAR [23] , [25] .
by the length of the individual subaperture elements. By this, it becomes possible to decouple the otherwise contradicting requirements for a high azimuth resolution and wide-swath SAR coverage. Note, however, that the DPCA technique by itself does, for a fixed total antenna length, not allow for an increase of the unambiguous swath width, but it is only well suited to improve the azimuth resolution.
An extension of the DPCA principle is the quad-element rectangular array system shown in the third column of Fig. 2 . This system employs, in addition to the displaced azimuth apertures, multiple aperture rows in elevation [21] . The additional apertures in elevation enable now a reduction of the total antenna length since it becomes possible to increase for a fixed swath width the PRF and to suppress the resulting range ambiguities by an appropriate null steering in elevation [19] . An inherent disadvantage of this technique is, however, that the resulting swath is no longer contiguous since the receiver must be switched off during transmission. This leads to blind ranges and, therefore, gaps in the cross-track direction of the acquired scene. 2 A further extension of the DPCA technique is the HRWS SAR system, which is shown in the right column of Fig. 2 . This system combines a separate transmit antenna with a large receiver array [23] , [25] , [28] , [32] . The small transmit antenna illuminates a wide swath on the ground, and the large receiver aperture compensates the Tx gain loss by a real-time digital beamforming process called scanning on receive. For this purpose, each azimuth panel of the receiving antenna is again divided into multiple vertically arranged subapertures. The signals from the individual subapertures are then combined in real time to form a narrow elevation beam that follows the radar pulse as it travels on the ground. By this, one may collect the radar echoes from a wide image swath despite using a receiver aperture with large vertical extension. The HRWS architecture is hence well suited to compensate the Tx gain loss from a wide area illuminator. The HRWS system concept 2 Such a restriction could be overcome in a bistatic radar system where the spatial separation between the platforms allows for simultaneous transmission and reception [27] . Other opportunities to fill in the blind ranges are burst mode operation with different PRFs or even a continuous variation of the PRF. and its implementation have been further investigated in several dedicated studies [28] - [33] .
The following two sections discuss some general challenges and possible solutions related to the design and implementation of multichannel SAR systems. Section III will then build up on this discussion, and we will show how multidimensional waveform encoding can significantly improve the performance and flexibility of such systems.
B. Multichannel SAR Processing
The application of the DPCA technique for high-resolution wide-swath SAR imaging puts a stringent requirement on the PRF: the PRF has to be chosen such that the SAR platform moves just one half of the total antenna length between subsequent radar pulses [20] . This requirement is due to the fact that the effective phase centers of the additional samples from the multiaperture antenna must exactly fit in between the satellite's traveled distance between two transmit pulses to yield a uniformly sampled synthetic aperture. However, such a rigid selection of the PRF may be in conflict with the timing diagram; furthermore, it will exclude the opportunity to increase the PRF for improved azimuth ambiguity suppression. To avoid such restrictions, a new reconstruction algorithm has been developed in [30] , which allows for the recovery of the unambiguous Doppler spectrum even in case of nonuniform DPCA sampling. The derivation of this reconstruction algorithm is based on modeling the raw data acquisition in a multiaperture SAR by a linear multichannel system model where each channel describes the data acquisition of one antenna element. The reconstruction assumes a limitation of the Doppler bandwidth B Dop ≤ N Rx · PRF, where N Rx is the number of displaced receiver apertures in the along-track direction. A violation of this condition causes ambiguous returns as detailed in [33] . Such residual ambiguities can be avoided by an improved limitation of the azimuth spectrum prior to the signal recording. For example, beamforming on transmit can be used to obtain a refined azimuth antenna pattern with lower sidelobes and, therefore, a better limitation of the Doppler spectrum. Another possibility is a preshaping of the receiver beams. Here, the basic idea is to modify the azimuth beams of each receiver channel by combining the signals from overlapping subgroups of multiple receiving antenna elements prior to A/D conversion and storage. This, again, enables better sidelobe suppression and further allows a dynamic adaptation of the position of the effective phase centers, thereby improving the signal reconstruction [33] . In principle, one could also increase the number of azimuth channels while keeping the total antenna length fixed. This raises the number of samples of the synthetic aperture and, hence, enables more efficient suppression of residual ambiguities. A drawback of this solution is, of course, the increased data rate to be stored on the satellite and to be transmitted to the ground. The data volume can, however, be reduced onboard the satellite by a multichannel data compression that exploits the mutual redundancies (here, mainly second-order cross correlations) between the signals recorded from neighboring antenna elements. Optimum data compression algorithms and architectures can be derived from information theory by employing a rate distortion analysis [39] , which has to take into account the desired performance of the final image product. This can be regarded as the more general view of the previously introduced preshaping of the receiver beams, and it will ultimately lead to the design of digital radar architectures, which are significantly driven by elements from information theory. 
C. Information Content and Redundancy Reduction
An independent recording of the signals from a large antenna array with multiple subaperture elements results in a huge amount of data samples, which exceeds, in general, by far the number of independent pixels in the final image. The recorded signals are hence redundant, and their mutual information can be regarded as being composed of two components. For this, we consider the illustration in Fig. 3 , which shows a multiaperture antenna and the ground surface in the elevation plane. 4 The first redundant component arises from the short duration of the transmitted radar pulse, which limits at each instance of time the extension of the scattering field on the ground. The restricted scattering area causes at each moment a strong spatial correlation among the signals from the different antenna elements. The second redundant component is an additional temporal correlation, which can be understood if we imagine the formation of a narrow Rx beam that covers only a part of the instantaneous scattering field. Assuming now a transmitted 3 The data reduction by onboard preprocessing of the recorded azimuth signals could even be of interest for standard single-channel SAR systems. As a simple example, consider the standard stripmap mode in TerraSAR-X, where the final product is processed with a Doppler bandwidth of 2266 Hz, while the employed PRF has typical values on the order of 3500 Hz. Simple bandpass filtering and resampling of the recorded data before final storage and data transmission to the ground could, hence, reduce potential bottlenecks in both the onboard memory and the downlink capacity. This technique implicitly assumes total zero Doppler steering of the satellite [40] or at least an onboard estimation of the actual Doppler centroid. The onboard data reduction could, in principle, also be performed off-line after initial uncompressed raw data recording in an appropriate cache segment of the main memory. This reduces the demands for real-time processing, since it is now possible to use the idle times of the SAR instrument. 4 For convenience, we will restrict the discussion in this section to multi aperture sampling in elevation, but most of the presented solutions can also be applied to azimuth, as indicated in Section II-B. radar pulse with a linear frequency modulation, only a part of the total range bandwidth will be visible at each instance of time, thereby introducing a temporal correlation among the samples of the recorded signal [27] .
The temporal correlation can, in principle, be exploited for data compression by subsampling the signals from each subaperture element of the antenna array, as shown on the lower left part of Fig. 5 . This is because the scattered signal arrives at each antenna element with a different range delay. By this, one obtains additional samples of the RF signal, and for large antenna arrays, one can recover the unambiguous RF signal spectrum in analogy to the previously introduced multiple-aperture technique for azimuth ambiguity suppression. However, mere subsampling in either space or time would also increase the noise level due to noise aliasing, thereby loosing the opportunity for coherent averaging. A more efficient exploitation of the redundancies requires a spatiotemporal transformation of the recorded antenna signals, which projects the useful signal energy onto a compact subspace of the totally recorded data volume. An example for such a transformation is the real-time beamscanning in elevation, as suggested for the HRWS system in [23] and [25] . This technique combines the signals from all antenna elements to form a narrow beam, which follows the radar pulse as it travels on the ground. This is achieved by selecting the scan angle as a function of range time. 5 The principle drawback of this deterministic and completely data independent coupling is that important information may irrecoverably be lost during data recording. For example, isorange elevation changes in mountainous terrains will cause a reduced antenna gain due to erroneous beam pointing, as shown in Fig. 4 .
To quantify this effect, we consider a fully focused Rx beam, which is "pointed" to range r(τ ) = r 0 . This range is associated with an incident angle θ inc under the assumption of a flat terrain 5 The common use of long Tx pulses in a spaceborne radar requires additional precautions since the instantaneous scattering field on the ground is typically wider than the footprint of the elevation beam (see also Fig. 3 ). The HRWS system solves this problem by assuming for the Tx signal a chirp with linear frequency modulation and making the scan angle also frequency dependent. This can easily be achieved for most systems by introducing additional time delays in the signal paths from the individual antenna elements prior to the final summation [25] . The following reasoning is completely independent of such additional precautions since it applies to all frequencies in the same manner. with height h 0 . If the terrain height changes by a height of ∆h and the beam pointing remains the same, we will obtain a mispointing of the antenna beam by
Assuming now a receiver array that is oriented perpendicular to the line of sight, this will reduce the antenna gain by
where h ant is the antenna height, λ is the wavelength, and si(x) is the sin(x)/x function, which is used to approximate the directivity pattern of a rectangular antenna with a sufficiently dense subaperture spacing. The table on the right-hand side of Fig. 4 shows the expected gain loss for an X-band system with an antenna height of 2 m operating at a slant range of 600 km and an incident angle of 30
• . The height differences of ∆h = 2 km and ∆h = 4 km amount to gain losses of −3 and −16 dB, respectively. This simple example shows that the effect of varying terrain heights cannot be neglected in the design of a spaceborne HRWS X-band system if the antenna height shall exceed 1-2 m. Antenna heights of 2 m and more are, however, desired to compensate the gain loss from a large area illuminator.
A possible solution to this problem is the simultaneous formation of multiple narrow beams and an adaptive selection of the data from the beam with maximum output power, as shown on the upper left part of Fig. 5 . However, this approach still poses the problem of the possibility that there exist strong topography changes within the extension of the azimuth footprint. This will then lead to multiple beams that carry significant information about the imaged scene. An alternative is partial beamforming, which combines only a subset of the antenna elements, as shown on the upper right part of Fig. 5 . The outputs of the beamformers are then combined by predictive coding and/or a joint (polar) quantization, which is well suited to exploit residual redundancies between the signals from the individual beams [41] . Optimized quantizers with a minimum data rate can be derived from a rate distortion analysis, and by employing a spatiotemporal multibeam vector quantizer, one could even use a dynamic bit assignment with variable bit rates, which reflects the actual information content recorded by the large antenna array (Fig. 5, lower right) . There exist, of course, further options for data reduction in multiaperture SAR systems, and we will come back to this fundamental issue from a completely different point of view in Section IV.
III. MULTIDIMENSIONAL WAVEFORMS
A. Limitations of a Fixed-Aperture Illumination
The HRWS system concept introduced in Section II assumes a wide-area illumination by a separate transmit antenna. This enables an independent electrical design and optimization of the transmit and receive paths, but it also requires the accommodation of an additional antenna on the spacecraft and reduces the flexibility to operate the radar system in different SAR imaging modes like ultrawide-swath ScanSAR, high signal-tonoise ratio (SNR) spotlight, or new hybrid modes to be discussed later. Furthermore, the small Tx antenna aperture causes a finite roll-off of the antenna pattern and, hence, a nonoptimum RF power distribution within the illuminated footprint, which manifests itself as a performance degradation at the swath border. This gain-loss may, in turn, increase the necessary size of the total Rx aperture. A further challenge arises for the mapping of swaths with different incident angles, which requires either a roll maneuver of the whole satellite or a more complex Tx antenna design that involves, e.g., multiple feeds in case of employing reflector antenna technology [32] . Another peculiarity of the HRWS system is the fact that the required length of the Rx antenna is still proportional to the swath width, as in a conventional SAR system [27] . The mapping of a wide image swath, hence, requires a rather long Rx antenna, which complicates its accommodation on the spacecraft and increases the launch costs.
It is hence also worth considering the application of digital beamforming techniques in radar systems that use the same antenna array for both the transmission and reception of radar pulses, thereby taking advantage of the extended size of the Rx antenna array in combination with the already-existing T/R module technology. The use of a large Tx aperture for highresolution wide-swath SAR imaging poses, in turn, the question of how the signal energy on the ground can be distributed. The trivial solution would be amplitude tapering, or, as an extreme case, the use of only a part of the transmit antenna; but this causes a significant loss of radiated power; furthermore, it may lower the overall efficiency since the high-power amplifiers in the T/R modules are no longer driven in saturation. Another solution is phase tapering, but the derivation of appropriate phase coefficients is a complex task that requires, in general, complicated numerical optimization techniques [42] , [43] .
B. Nonseparable Radar Pulses
A completely different approach to exploit the large antenna array for signal transmission is the employment of a spatiotemporally nonseparable waveform for each transmitted radar pulse. Such a waveform is characterized by the inequality
where h(τ ) describes the temporal structure of the modulated RF radar pulse, a(θ el ) describes the weighting from the antenna pattern in elevation, and b(θ az ) describes the weighting from the antenna pattern in azimuth. The illustration in Fig. 6 visualizes the difference between a nonseparable waveform encoding (right) and a separable transmit pulse (left), as used up to now in all air-and spaceborne SAR systems and imaging modes. One can imagine a multitude of solutions for the technical implementation of multidimensional waveforms in a multiaperture SAR system. These solutions substantially differ with regard to their degree of complexity. A very simple means to obtain a multidimensional waveform is the division of a long transmit pulse into multiple subpulses. Each subpulse is then associated with a different antenna beam via switching the phase coefficients in the T/R modules between successive subpulses. A completely different and more complex solution is the use of a separate waveform generator for each subaperture element. Fig. 7 shows a potential hardware implementation that combines both techniques in one and the same system by employing analog subpulse phase switching in elevation and digital waveform generation in azimuth.
As a first example, we now consider the generation of nonseparable waveforms in space and time by merely switching between different antenna beams and/or subaperture elements during each transmitted pulse. 6 The overall PRF remains unaltered in this case. Since many of the previously mentioned applications rely on a rather low PRF on the order of 1-2 kHz, one may typically employ long pulse durations, and hence, we expect no technical problems for the concatenation of multiple subpulses with different antenna excitation patterns to a long pulse. We may even allow for subpulse switching times on the order of several microseconds without loosing too much of the duty cycle. A full-range resolution within each subbeam is achieved by concatenating multiple chirp signals in a sawtoothlike frequency modulation (or any other sequence of full bandwidth and possibly even mutually orthogonal waveforms).
The advantage of such a scheme is that it allows the staggered illumination of a large area on the Earth's surface during each transmitted pulse, thereby supporting a highly flexible and adaptable distribution of the available signal energy within this area. This opportunity for a staggered wide-swath illumination with large antenna arrays will be investigated in Section IV. A further advantage arises for improved azimuth ambiguity suppression due to the reduced antenna beamwidth for each subpulse. This will be discussed together with other advantages in Section V.
The concept of multidimensional waveform encoding can, of course, be extended to an arbitrary spatiotemporal radar illumination, where each direction has its own temporal transmit signal with different power, duration, and phase code. Another opportunity is a systematic decomposition of the overall transmitted range frequency spectrum into multiple subbands. Each subband is then associated with a different subaperture and/or beam. Such a frequency decomposition of the transmitted range pulse may, again, be combined with intrapulse aperture switching and/or beamsteering in azimuth. This enables the illumination of a wide swath on the ground notwithstanding a 6 Note that this should not be confused with the aperture switching technique introduced in [38] and [44] , which toggles between different azimuth panels of the Tx antenna from a PRF pulse to another PRF pulse. This pulse-to-pulse aperture toggling is comparable to the ping-pong mode in SAR interferometry [45] , [46] , the synthetic bandwidth method [47] , or the real aperture enlargement suggested for forward-and/or downward-looking radar systems [48] , [49] . All these techniques interleave successive pulses by the receiving window and the spatiotemporal diversity, hence, requires an increase of the PRF to avoid azimuth ambiguities. large extension of the total Tx antenna array in elevation and the simultaneous suppression of azimuth ambiguities, as explained in Section V.
The selection of the spatiotemporal excitation coefficients in the transmitter could even be made adaptive by evaluating the recorded samples from previous radar echoes. By this, a closed loop will be formed between the radar sensor and its environment, which allows for maximization of the information that can be derived about the imaged scene for a given RF power budget. In analogy to the information-theoretic modeling of multiple-input multiple-output (MIMO) communication systems, such an optimization could then be regarded as maximizing the mutual information between the recorded radar signals and the scatterer distribution on the ground, thereby making optimum use of the channel capacity provided by a multiple antenna Tx/Rx radar system. As a simple example, one may consider the automatic compensation of angular differences in the received Rx signal power arising from variations in the length and attenuation of the propagation path and/or spatial inhomogeneities in the first-order scattering statistics of the imaged scene. The latter may be due to changing incident angles, land-water or water-ice transitions, as well as varying types of land cover. A spatiotemporal adaptation of the transmitted signal power is hence well suited to provide a more homogeneous image quality. The following sections provide further and more elaborate examples for the multitude of benefits and opportunities provided by spatiotemporal encoding of the transmitted radar pulses.
IV. INTRAPULSE BEAMSTEERING IN ELEVATION
One example for multidimensional waveform encoding is intrapulse beamsteering in elevation. This enables an illumination of a wide image swath with a sequence of narrow and high-gain antenna beams. Such a staggered illumination is, in some sense, similar to the traditional ScanSAR mode, with the major difference that each transmitted pulse now illuminates not only one but all subswaths simultaneously. The illumination sequence within the Tx pulse can, in principle, be arranged in any order. An interesting opportunity arises if we start from a far-range illumination and subsequently proceed to the near range, as shown in Fig. 8 . As a result, the radar echoes from different subswaths will overlap in the receiver, as shown on the upper right part of Fig. 8 . The overall receiving window can, hence, be shortened, thereby reducing the amount of data to be recorded and stored on the satellite. In other words, the spatial data redundancy discussed in Section II is substantially reduced, since the receiver now obtains radar echoes from multiple directions simultaneously. This example illustrates the potential of multidimensional waveform encoding for data compression without sophisticated real-time onboard processing. The information space provided by multiple Rx apertures can moreover be filled by using sub-pulses with different Tx polarisations which allows for the implementation of a fully-polarimetric SAR without the necessity to increase the PRF by a factor of two. The temporal overlap of the radar echoes from the different subswaths and/or polarisations is then resolved in the spatial domain by digital beamform- ing on receive, where we exploit the relation between time delay and elevation angle in the sidelooking radar imaging geometry. This a posteriori processing can be performed on the ground, which has the further advantage that no information about the spatial structure of the recorded radar data will be lost, thereby enabling, e.g., suppression of directional interferences or jamming signals and avoiding the mountainclipping problem of real-time beam scanning discussed before (cf., Fig. 4) .
A direct consequence of the short receiving window is the increased time available for the transmission of multiple subpulses. This reduces, in turn, the RF peak power requirements of the transmitter and gives further margin to switch between the subpulses, thereby simplifying the electrical system design. Another advantage is the reduced gain loss at the border of the swath if compared to a conventional radar illuminator. The staggered illumination allows even for a flexible distribution of the signal energy on the ground. As a simple example, one may consider the use of longer transmit pulses for subbeams with higher incident angles. This illumination strategy is well suited to compensate the SNR loss due to both the typical decrease of the backscattering with increasing incident angles and the additional free space loss from a larger range. As a result, one may reduce the overall power requirements of the radar payload, which, again, simplifies the thermal and electrical design of the satellite.
There exist several opportunities and tradeoffs to implement the required Tx beamsteering in elevation. One solution would be to use different (e.g., azimuth) parts of the large antenna array for each beam, thereby ensuring a low duty cycle for each T/R module notwithstanding the long transmit pulse. By this, one may also achieve the azimuth beam broadening, as desired for multiaperture high-resolution SAR imaging. In the limit, each T/R module needs only one preloaded phase coefficient, and the beamsteering is implemented by mere on/off switching between different subsets of T/R modules. Another solution is to use the full antenna array for the total pulselength, which has the advantage of further reducing the peak power requirements for each T/R module. The illumination is then achieved either by switching between multiple moderately phase tapered beams or even via continuous beamsteering from far to near range. The latter requires an appropriate temporal modulation of the transmitted RF signal such that each scatterer receives a sufficient bandwidth for high range resolution.
V. MULTIDIMENSIONAL WAVEFORM ENCODING IN AZIMUTH
A. Waveform Diversity and Ambiguity Suppression
Spatial modulation diversity in the radar transmitter can increase the information about the direction of a given scatterer. A simple example is a multiaperture antenna where each aperture transmits its own waveform, as shown in Fig. 7 for the azimuth direction. Possible waveforms are signals from different frequency subbands, time-shifted subpulses, or pulses with special phase codes that are similar to the up and down chirps suggested for range ambiguity suppression (cf., [50] and [51] ). Orthogonal waveforms enable, in the case of isolated pointlike scatterers, a separation of the radar echoes from the different transmit signals, and the spatial diversity of the transmit phase centers causes relative phase shifts between the received waveforms for a given scatterer on the ground. This additional phase information can then be used to suppress azimuth ambiguities or to increase the sensitivity to object movements.
The performance gain from the waveform diversity can also be understood by considering the additional phase center positions that result from a combination of the nonseparable radar pulse encoding on transmit with a multiaperture receiver system. Fig. 9 compares the effective phase center positions of a classical DPCA system (left) with the multidimensional waveform encoding technique (right). For the classical DPCA system using a single illuminator, one obtains for each transmitted pulse a total of N Rx effective phase center positions that are spatially separated by a distance of d ant /2 from each other, where d ant is the distance between the Rx subaperture phase centers in the along-track direction. The maximum distance of the effective phase centers for one single Tx pulse is then given by
where N Rx is the number of subaperture elements. The use of multidimensional waveform encoding now leads to additional phase centers between each Tx/Rx aperture pair. If we assume the same number N = N Tx = N Rx and equal positions x i,Tx = x i,Rx for the Tx and Rx apertures, we obtain a total of 2N − 1 independent phase center positions that span a total length of
This length is twice the length of the classical DPCA system that employs a single transmitter. The additional phase centers provide for each transmitted pulse an increased number of azimuth samples along the synthetic aperture, which allows for improved ambiguity suppression in the case of pointlike targets. This bears, in turn, the potential to reduce either the PRF or the overall antenna length by a factor of two. Another opportunity is an enhanced detection and parameter estimation performance in a multibaseline along-track interferometer and/or ground moving target indication system due to the increased length of the total along-track baseline.
At first glance, one may believe that orthogonal Tx waveforms are also well suited to reduce azimuth ambiguities in a multiaperture high-resolution wide-swath SAR imaging system. However, the mere use of simultaneously transmitted orthogonal waveforms will only disperse-but not suppress-the ambiguous energy, thereby making this approach suitable only for the attenuation of ambiguous returns from pointlike targets in specialized scenarios (see also [50] and [51] ). Suppression of ambiguous returns from distributed targets can, nevertheless, be obtained by a slight modification of the previous multiaperture Tx/Rx system. The basic idea behind this modification is to combine the spatial transmit diversity in azimuth with digital beamforming on receive in elevation. For this, the signals from the individual azimuth apertures are no longer transmitted simultaneously but in sequence by dividing the total Tx pulse, again, into multiple subpulses, where the number of subpulses corresponds to the number of azimuth apertures. The scattered signals from the different subpulses will then-at each instant of time-arrive from different elevation angles, and it becomes possible to separate the radar echoes from the different subpulses by digital beamforming on receive in elevation. Hence, this spatial filtering will not only disperse, but also suppress, the ambiguous energy from distributed scatterers.
An alternative to the sequential transmission from multiple azimuth apertures is the formation of multiple narrow azimuth beams in the transmitter, thereby reducing the Doppler bandwidth in the receiver channels, as schematically shown on the right part of Fig. 6 . This solution has the advantage of always using all Tx antenna elements, which alleviates the peak power requirements of the T/R modules to achieve a predefined SNR. A sequence of chirp signals is then transmitted while switching between different azimuth beams from subpulse to subpulse. Fig. 10 shows a schematic example for such multidimensional waveform encoding for three chirped subpulses as a function of range time τ and azimuth angle θ. This specific illumination sequence results for each point on the ground during the formation of the synthetic aperture in multiple and mutually delayed chirp signal returns. If we consider now a scatterer at a given range, one will, at each instance of time, only receive the scattered signal from one subpulse while the other subpulses lead to a superposition of the received signal with echoes from scatterers located at different azimuth positions and ranges. The different ranges are, in turn, associated with different look angles in elevation. It is hence possible to suppress the simultaneously received returns from different ranges by digital beamforming on receive in elevation, which enables a clear and unambiguous separation of the radar echoes from the different azimuth beams. The echoes from multiple azimuth beams can finally be combined coherently to recover the full Doppler spectrum for a high azimuth resolution. This combination is equivalent to a signal reconstruction from a multichannel bandpass decomposition, where the individual bandpass signals correspond to narrowband azimuth spectra with different Doppler centroids.
B. Point Target Model
For a mathematical description, we consider the signal reception of a multiaperture Tx/Rx SAR system in response to an isolated point scatterer, as shown in Fig. 11 . For convenience, we consider all signals to be in the baseband and further neglect any constant factors reflecting free space attenuation of the electromagnetic waves, system losses, as well as the constant radar cross section of the point scatterer. The signal u lm (τ, t) received by the subaperture element of column l and row m is then given by the linear superposition of the echoes from all transmit signals as follows:
where s ik (τ ) denotes the amplitude-and phase-modulated signal transmitted by subaperture element ik. The variables τ and t refer to fast (i.e., range) and slow (i.e., azimuth) times, respectively. Note that each of the transmitted signals s ik (τ ) consists, in general, of multiple subpulses with different phase coefficients to accomplish the desired beamsteering in azimuth within one complete pulse. In (6), the velocity of electromagnetic wave propagation in free space and the wavelength are represented by c 0 and λ, respectively, and the function r iklm (t) describes the range history for each Tx/Rx subarray pair, which is defined as
where r ik (t) is the range from the transmit antenna element ik to the point scatterer, and r lm (t) is the range from the point scatterer to the receiving aperture element with index lm. The nonseparable waveform encoding, as exemplified by Fig. 10 , now causes systematic differences in the phase and amplitude of the returned echoes, depending on the azimuth direction θ. This can be taken into account during range focusing by using, for each azimuth angle θ, a different matched filter for range compression. Range compression is hence (in general) no longer independently performed for the n Rx receive apertures but uses a manifold of matched filters applied to weighted superpositions of signals from the Rx antenna elements. As a result, one obtains for each row m of the Rx array the following 3-D range compressed signal:
where the first sum on the right-hand side of (8) describes the formation of a narrow Rx beam in the direction of θ by a weighted linear superposition of the Rx signals in one row of the antenna array, and the second sum is the matched filter for range focusing, corresponding to the expected "replica" from that direction. As mentioned before, the distance between the subapertures in azimuth is indicated by d ant which implicitly assumes an equal subaperture spacing for the transmit and receive chains. 7 Azimuth compression can now be accomplished by using a matched azimuth filter for each θ separately and a subsequent integration across all azimuth beams θ. Hence, we have
where
is the range history within each beam. The integration corresponds to the aforementioned reconstruction of the full bandwidth signal from multiple Doppler subbands. In practice, the integration is substituted by a summation, and the upper and lower limits θ min and θ max determine the overall Doppler bandwidth after the reconstruction of the whole azimuth spectrum from its bandpass decomposition. The resulting SAR images a m (τ, t) are now well focused in terms of azimuth, but still ambiguous in terms of range. The remaining range ambiguities may now be suppressed by combining the SAR images from the N m antenna rows via digital beamforming on receive in elevation, i.e.,
7 This derivation assumes a short Tx pulse and neglects the movement of the platform during pulse transmission. In the case of long Tx pulses, one may avoid such a start-stop approximation by introducing an additional phase function within the second sum of (8) . This phase function, which depends on the angle θ, compensates for the systematic phase shift between the echoes from the different subpulses. Another opportunity to incorporate such a time delay is a systematic modification of the Tx and Rx array positions for each subpulse. For convenience, we will further neglect range migration in the derivation of the following formulas, which facilitates the understanding of the essential processing steps. such that
where θ el,amb denotes the elevation angles with ambiguous returns. In practice, it is not necessary to minimize the range ambiguities by space-variant null steering (which requires also an accurate digital elevation model), but it would be sufficient to shape the Rx elevation beam such that the range ambiguities remain below a given level of, e.g., −25 dB. The illustrations in Fig. 12 summarize the main processing steps.
C. System Design Example
To illustrate the achievable performance gain from such multidimensional waveform encoding in azimuth, we consider the design of a spaceborne X-band SAR system with an azimuth resolution of 1.5 m and a swath width of 135 km. Such a system enables a "continuous" high-resolution observation of the total Earth's surface with a 20-day repeat cycle at a mean satellite altitude of 576 km. A quasi-continuous observation of the Earth's surface is, e.g., desired for differential and permanent scatterer interferometry. The intended swath width limits the maximum possible PRF by
where τ p is the pulse duration of each subpulse, n sub is the number of adjacent subpulses, and r far and r near are the slant range distances in the far and near ranges, respectively. Further restrictions result from the timing diagram, as shown in Fig. 13 . In the following, we assume a minimum incident angle of 27
• , which corresponds to a near range r near = 639.6 km. For a 135-km swath, the maximum incident angle is then 37.9
• , corresponding to a far range r far = 712.5 km. As shown in Fig. 13 , a set of possible PRFs would then range from 1215 to 1224 Hz. As can be seen in (13), these PRFs limit, in turn, the maximum pulse duration to τ p ≤ 55 µs, assuming a transmit pulse with n sub = 3 azimuth beams. In the following, we chose a PRF of 1220 Hz and limit the subpulse duration to τ p ≤ 50 µs, which gives us some guard time, as well as some additional margin for switching the beams between the subpulses. To resolve the range ambiguities from multiple subpulses, the antenna must then have a total height h ant of at least
which ensures a reliable separation between the multiple radar echoes by digital beamforming on receive. In this example, the height of an optimally oriented antenna should be larger than ∼2.3 m. Table I summarizes the selected system parameters. 9 This equation has been obtained from the assumption that an optimally oriented antenna should be large enough to direct a beam with a maximum gain toward the desired ground range position and to simultaneously suppress range ambiguities from adjacent subpulses by nulls in the antenna pattern. In practice, one may relax this equation by tolerating a given ambiguity level and/or a slightly lower Rx antenna gain.
The second column in Fig. 14 illustrates the performance improvement that can be gained by using three additional Rxonly apertures for signal reception in azimuth. This case corresponds to the ambiguity suppression for the HRWS system. The additional samples along the synthetic aperture decrease the major azimuth ambiguities to a magnitude of −17 dB. A further improvement can be obtained by using the multidimensional waveform encoding in azimuth. For this, the Tx pulse is subdivided into three subpulses, as shown in the third column of Fig. 14 This performance investigation demonstrates that it becomes possible to design compact SAR sensors with high resolutions and wide coverage by employing the principle of multidimensional waveform encoding. As shown in the exemplary analysis, an X-band SAR system with an azimuth resolution 11 of 1.5 m, covering a swath width of 135 km, can be built with a compact antenna of approximately 10 m in length and 2.5 m in height onboard a LEO satellite that orbits at a mean altitude of 576 km. For comparison, TerraSAR-X, which orbits at a slightly lower altitude of 514 km, has in stripmap mode an azimuth resolution of approximately 3 m and a nominal swath width of 30 km [12] . The performance improvement in our example becomes possible by the systematic combination of two complementary digital radar techniques, namely, multiaperture recording on receive and multidimensional waveform encoding on transmit. Further improvements are possible, e.g., by increasing the number of subpulses and/or the number of subaperture elements. In the case of the previously mentioned sequential excitation of the azimuth subapertures, it is, moreover, possible to optimize 10 Note that the processed Doppler bandwidth Bproc = 5000 Hz exceeds, in this example, N Rx · PRF = 4880 Hz. This is in accordance with the reconstruction from the 3-D range compressed signal in (9) , which integrates across multiple narrowband azimuth "looks," formed by the multiplicative superposition of the Tx and Rx azimuth antenna patterns. At first glance, one may regard the fact that the processed bandwidth exceeds the number of azimuth samples (i.e., Bproc > N Rx · PRF) as a fundamental contradiction to the generalized Nyquist sampling theorem. However, this contradiction is immediately resolved if one takes into account that the additional information is not stored in the azimuth but in the elevation plane of the recorded radar data volume. Multidimensional waveform encoding in azimuth is hence another means of reducing the redundancy within large receiver arrays. 11 The azimuth resolution does not depend on the antenna length but on the size of the subaperture elements. By increasing the number of subapertures and keeping the whole antenna length fixed, it would, hence, be possible to further improve the resolution. the azimuth processing by explicitly taking into account the nonuniform sampling of the synthetic aperture [30] , [33] . If compared to the DPCA and HRWS systems, which employ solely multiple-aperture recording on receive, this will allow for a reduction of the overall antenna length by a factor of up to two (cf., Fig. 9 ). This can then be used to build more compact antennas for easier spacecraft accommodation and/or to increase the unambiguous swath width.
The azimuth ambiguity suppression technique may further be combined with additional waveform encoding in elevation. Such a 3-D nonseparable time-azimuth-elevation encoding allows for the use of the complete antenna array for the transmission of all subpulses, thereby reducing the peak power requirements in the T/R modules. A simple solution for a wide-swath illumination is by merely splitting the total transmitted range frequency band into multiple independent subbands, which are then assigned to different rows of the Tx antenna array. Another solution is an explicit combination of the azimuth encoding with the principle of intrapulse beamsteering in elevation, as introduced in Section IV. Further optimizations could employ an explicit informationtheoretic analysis of the remaining redundancies within the multidimensional signal space recorded by the total antenna array. Such an analysis is well suited to optimize the system performance and simultaneously minimize the redundancies in the stored multidimensional data volume. The redundancy reduction could either be limited to an optimization of the transmitted waveform, or one could, in addition, take advantage of the redundancy reduction techniques outlined in Section II-C. The systematic combination of both techniques is expected to be able to reduce the redundancies in the recorded data volume to a sufficiently low level without having to refer to sophisticated onboard processing. The systematic derivation of optimized spatiotemporal waveforms, which will, in general, employ more than two nonseparable dimensions, is beyond the scope of this paper, which serves the only purpose to introduce the basic principle of multidimensional waveform encoding and to illustrate its manifold potentials for the design and operation of future SAR systems.
VI. DISCUSSION
The systematic combination of spatiotemporal radar waveform encoding on transmit with multiaperture digital beamforming on receive is an innovative concept that enables new and very powerful SAR imaging modes for a wide range of remote sensing applications. Examples are an improved SAR system performance by increasing the number of effective phase centers, larger along-track baselines for along-track interferometry and moving object indication, and an efficient reduction of redundant information recorded by large receiver arrays. The opportunity to transfer ambiguous signal energy from azimuth to range via multibeam switching during each transmitted radar pulse further enables efficient suppression of azimuth ambiguities by spatiotemporal filtering of the recorded multiaperture data in elevation. From these examples, it becomes clear that the multidimensional nonseparable transmit waveform encoding has a high potential to significantly improve the performance of future SAR sensors and missions.
Digital beamforming on transmit further allows a flexible distribution of the RF signal energy on the ground. Not only does this enable a versatile switching between different imaging modes like multi-beam ScanSAR, spotlight, and HRWS stripmap, but it also allows for the simultaneous combination of multiple imaging modes in one and the same satellite pass. An example is high-resolution spotlight-like mapping of an area of high interest in combination with wide-swath mapping for interferometric applications. This can be achieved by enhancing the multidimensional waveform encoding with additional subpulses that steer highly directive transmit beams to some specific areas on the ground. By this, one may achieve a high Tx gain and a longer illumination time along the synthetic aperture, which will improve both the radiometric and the geometric resolutions for a given area of interest. This is illustrated in Fig. 15 , and such a hybrid mode will be well suited to satisfy otherwise contradicting user requirements like, for example, the conflict between a continuous interferometric background mission and a high-resolution data acquisition request.
The data acquisition in such a system could even be made adaptive where more system resources are automatically devoted to areas of high interest and/or low SNR, thereby maximizing the overall information content for a given RF power budget. By this, a closed loop will be formed, which directly connects the recorded data to the transmitted waveform by an appropriate real-time raw data evaluation of the scattered signals from the environment (cf., Fig. 16 ). As a simple opportunity, one may consider the adaptive use of a longer subpulse and/or a higher Tx antenna gain for a spatially restricted area with lower backscatter, thereby enhancing the overall SNR for a given amount of system resources. Such an adaptation can, for example, be performed in real time via a multiple beamforming processor that evaluates the spatial power distribution of the scattered and recorded radar data. The output from this processor is then directly fed back to the waveform encoding system. Another opportunity is the use of longer azimuth illumination times and higher range bandwidths for selected regions with high contrasts and/or fast changes. Such features could be indicators for areas of higher interest, therefore calling also for a higher spatial and/or radiometric resolution. A potential application scenario is, for example, operational ship detection in the open sea, which requires the frequent scanning of wide areas. In this scenario, the recorded multiaperture signals may now be evaluated onboard the satellite by a suboptimum realtime moving target indicator (MTI) feature detector with low complexity. In case of some evidence for a moving object or ship in one area of the scene, one may illuminate that region with a highly directive subbeam to improve both the spatial resolution and the MTI performance without loosing the general overview about the residual scene. The information gain from long observation times is also well known from high-resolution airborne radar data [47] . Such an adaptive SAR system can then be regarded as a first step toward a cognitive radar that directs its resources to areas of high interest in analogy to the selective attention mechanisms of the human visual system with its saccadic eye movements [52] , [53] . The rising interest in such systems with regard to a wide range of other radar applications is also documented in the recent literature [54] , [55] .
The technique of multidimensional waveform encoding, moreover, bears some interesting opportunities in conjunction with multistatic SAR systems [27] , [34] . An example is the distribution of subpulses on multiple satellites, which not only allows for optimized system performance and coverage but also enables efficient phase synchronization between the involved radar instruments. This is of special importance for interferometric applications [56] , [57] . The synchronization can be achieved without additional hardware via the common illuminated footprint by a slight modification of the "alternating" bistatic SAR mode [58] . In contrast to the original proposal where the transmitter is switched from pulse to pulse, there will be no rise of azimuth ambiguities.
The great flexibility in operating digital radar systems with multidimensional waveform encoding on transmit and digital beamforming on receive requires, of course, new strategies to optimize the overall system performance. The derivation of optimized system designs and waveforms may also incorporate elements from Shannon's information theory [59] , [60] like, for example, maximization of the mutual information between the scene parameters and the recorded radar signals for a given RF power budget. Such an optimization bears several similarities to the questions arising about the optimum use of the channel capacity provided by MIMO communication systems. The information-theoretic optimizations may, moreover, help to get rid of the redundancies in the data recorded by multiaperture SAR systems. This is an essential requirement to cope with the omnipresent storage and data downlink bottlenecks.
VII. CONCLUSION
From the examples in this paper, it has become clear that the combination of digital waveform encoding on transmit with digital beamforming on receive has the potential of significantly improving the capabilities and the performance of future SAR systems and missions. The new generation of digital radar sensors will be able to resolve the hitherto contradicting requirements for high resolution, frequent monitoring, and wide coverage. Furthermore, hybrid and adaptive SAR imaging modes can be implemented by varying the pulse sequence in azimuth slow time. This additional degree of freedom is well suited for innovative operational concepts that satisfy a wider remote sensing user community with one and the same satellite mission. This will, in turn, increase the user acceptance and application range of SAR data, thereby justifying the necessary investments for the development and implementation of a new generation of more powerful SAR systems and missions. The analyses and suggestions presented in this paper should be regarded as a first step in this direction.
